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Chapter 1
Introduction
Electromagnetically-induced transparency, known with the acronym EIT, is a quan-
tum interference phenomenon. It consists in the trapping of atoms in a dark-state
via absorption-emission cycle, induced by a coupling laser. A weak probe field is used
to scan the induced transparency, which occurs in a restricted range (EIT window)
for coupling-probe detuning. For metastable Helium at room temperature the EIT
width it is of order of tens kHz [1]-[2]. In this spectral range the group velocity of
light undergoes a strong slowdown due to the slope of dispersion curve. This phe-
nomenon is called “slow-light”. Acting on the coupling field frequency is possible to
change the dispersion curve and obtain negative slope, which leads to group velocity
greater than c (“fast-light”), or with negative values [2].
The theoretical model, used to describe the phenomenon, consists in schematizing
the energy levels of the atoms with a three-levels Λ-system that interacts with two
coherent laser fields (coupling and probe). Using the density matrix formalism, im-
posing the condition of atoms trapped in a dark state, it is possible to calculate the
susceptibility of the medium at steady state regime. I have used these results to elab-
orate the simulation, realized with Mathematica, presented in chapter 4. Using the
equations of propagation inside a dispersive absorbent medium, I have realized the
plot of different frames that represent a Gaussian pulse that propagates through a
finite medium where EIT phenomenon is obtained and the group velocity undergoes
a slowdown. The plots obtained shown how the pulse profile is spatially compressed
inside a positive dispersive medium with respect to a reference pulse calculated with-
out dispersion and absorption effects. I have also examined the propagation of the
beam in the case of an optical medium in “fast-light” regime. In this case I have ob-
served that the nature of dispersion prevent to define a proper group velocity for the
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pulse because of the wide pulse’s spectral domain. However the results of the simu-
lations show that a peak pulse velocity can be defined. Finally I have imposed the
condition of a uniform superluminal group velocity in the pulse’s spectral domain. In
this case all the Fourier components of the pulse have the same superluminal phase
velocity. The result is a temporal and spatial shift of the pulse peak. In this case
we also observe a distortion of pulse shape due to the different absorption that the
pulse components undergo.
In chapter 5 we have studied a four-level tripod system that we can obtain from
metastable Helium using a D0 transition, instead of D1 transition used for the Λ-
system. By applying a uniform and constant magnetic field to metastable Helium
atoms, it is possible to remove the levels degeneracy. In a preliminary work [3] two
configurations have been studied: the first with probe and coupling beams respec-
tively perpendicular and parallel to the magnetic field, and the second with probe
and coupling beams respectively parallel and perpendicular to the magnetic field.For
the first configuration two detuned EIT peaks have been observed. The two peaks
are the results of the incoherent superposition of two Λ-systems, in which we can
decompose the original tripod configuration. In the second case two detuned EIT
peaks have been observed with an extra absorption dip at the line center. In this
case the tripod system has been interpreted as the coherent superposition of two
Λ-systems that destructively interfere at the line center.
Starting from this point, we have analyzed the case of a probe polarization rotated
of an angle θ with respect the quantization axis and an orthogonal coupling beam
polarization. As θ approaches 45◦ five symmetrically detuned transmission peaks
appear. We have interpreted the 4 detuned transmission peaks as EIT resonances
of several Λ-systems that compose the tripod system. The fifth central peak can-
not be related to any Λ-system leading us to consider that is not related to an EIT
resonance. Finally we remove the orthogonality of probe and coupling field polar-
izations. In this new configuration we have observed that changing the angles of the
polarization vectors with respect to the quantization axis absorptions, dip occur at
same detuning at which we have previously observed transmission peaks.
All the experiments and simulations have been realized at Laboratoire Aime´ Cotton
where I have spent five months in a training. The Heads of training were Professor
Fabien Bretenaker and Assistant Professor Fabienne Golfarb.
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Chapter 2
Electromagnetically Induced
Transparency
Electromagnetically induced transparency (EIT) is a quantum interference effect due
to the induced coherence of the atomic states. This phenomenon involves a three level
system. A typical kind of three levels system used for achieving EIT is a Λ-system.
This kind of system is characterized by two lower states, two metastable state or
two ground state of an atom, that can be coupled with two optical transitions to an
excited state. Indeed an optical transition between the two lower levels is forbidden.
In this chapter we describe with the density matrix formalism the interaction of elec-
tromagnetic radiation with a medium whose atoms are characterized by a three-level
opened Λ-system. We first briefly resume the density matrix in order to introduce
some important quantity that are important in order to realize and understand EIT
phenomenon. We then focus the attention on slow-light and fast-light phenomenon
that are strictly related to EIT.
2.1 Density Operator
The description of the interaction of an electromagnetic field with an ensemble of
atoms requires a density matrix formalism. In fact when we treat an ensemble of
atoms we have also to consider the interactions of the atoms with the environment,
the collisions between atoms, spontaneous emission and other kind of interaction that
can cause the relaxation of the populations (diagonal term of density matrix) and of
the coherences (non-diagonal term of density matrix) that characterized the system.
If we want to introduce decay rates that can be different for the different populations
and coherences, a density matrix formalism is necessary. We thus introduce the
3
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density matrix operator:
σˆ =
∑
i
pi|ψi〉〈ψi| (2.1)
where pi represents the probability that an atom is in a state |ψi〉. For this kind
of operator the temporal evolution, considering also relaxation processes, has the
following form:
dσˆ
dt
=
1
ih¯
[Hˆ,σˆ] +
{
d
dt
σˆ
}
rel
(2.2)
The first term in the right part of equation (2.2) can be easily derived from Schro¨dinger
equation using the definition of density operator (2.1), while the second term has
been heuristically introduced. This term presents different forms for population and
coherence. We have for population relaxation:{
d
dt
σii
}
rel
= −
(∑
j 6=i
Γi→j
)
σii +
∑
j 6=i
Γj→iσjj (2.3)
where Γi→j is the rate decay of the population from level |i〉 to level |j〉. This term
describe spontaneous emission and collisions that can change levels population.While
the coherences the relaxation term is:{
d
dt
σij
}
rel
= −γijσij (2.4)
where γij it is the rate decay of coherences. Note that γij is complex and γij = γ
∗
ji
while Γi→j is real and positive. We can remark that population relaxation terms
depend on the population of the different level because atoms can decay or can be
pumped to other levels of the system. This consideration is not valid for coherence
terms which are independent.
2.2 Two Level System
We briefly present the case of an ensemble of two level atoms. This example is
useful to introduce some quantities (Rabi frequency, group velocity, etc) that have
an important role in the study of EIT. We will consider the case of a opened system
like the one in figure 2.1. We note |a〉 the lower level, |b〉 the upper level and h¯ωba
the energy difference between the two levels. The system is in interaction with a
linearly polarized electromagnetic field of angular frequency ω:
E = E0(e
−iωt + c.c.)u (2.5)
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Figure 2.1. Open two level system. Γa,b are the population decay rates to the
external states for the respective levels. Γba is the decay rate from the upper
level |b〉 to lower level |a〉. Λa,b are the pumping rates for the respective levels.
γ is the coherence decay rate.
where u is the field versor. The Hamiltonian operator is:
Ĥ = Ĥ0 + ĤI (2.6)
where Ĥ0 is the Hamiltonian of a free atom and ĤI is the electric-dipole interaction
Hamiltonian; the latter can be expressed in the dipole approximation as:
ĤI = −dˆ ·E (2.7)
where dˆ is the electric dipole operator. This operator have 0 diagonal elements for a
atom in vacuum. The other matrix, that are supposed to be real, are related by the
following relation: d = 〈a|dˆ|b〉 = 〈b|dˆ|a〉. We obtain in a matrix representation:
dˆ =
(
0 d
d 0
)
5
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From the solution of the equation (2.2) at steady state regime we obtain for the real
and imaginary part of susceptibility [4]:
χ′(ω) = −N
(0)
b −N (0)a
V
d2
0h¯
ωba − ω
(ωba − ω)2 + γ2 + Ω2 γΓ
, (2.8)
χ′′(ω) = −N
(0)
b −N (0)a
V
d2
0h¯
1
γ + Ω
2
Γ
1
1 + (ω0−ω)
2
γ2+Ω2 γ
Γ
(2.9)
where γ is the coherence relaxation between the two level that is supposed to be real,
Γ is the mean population relaxation rate defined by 2
Γ
= 1
Γa
+ 1
Γb
. N
(0)
a = ΛaΓa and
N
(0)
b =
Λb
Γb
are the number of atoms respectively at level |a〉 and |b〉 at steady-state
regime and in the absence of external fields. Ω is the Rabi frequency defined as:
Ω =
2dE0
h¯
. (2.10)
The Rabi frequency is related to an another kind of phenomenon: Rabi oscillation.
This phenomenon occurs when an ensemble of two level atoms interacts with a res-
onant oscillating electromagnetic field. We obtain, after a perturbative development
of the hamiltonian of interaction (equation 2.7), the following result for the modulus
squared of the probability amplitude [5]:
|Cb(t)|2 = 1− cos Ωt
2
(2.11)
|Ca(t)|2 = 1 + cos Ωt
2
. (2.12)
The populations of the two level oscillate at a frequency equal to the Rabi frequency
defined in equation (2.10). It is evident that this kind of phenomenon is possible
when relaxation processes can be neglected.
We now consider a plane wave propagating along the medium in z direction, with an
amplitude E = E0e
−iωt+ıkz + c.c.. This wave must obey the Helmholtz equation:
∂2E
∂z2
=
1
c2
(1 + χ(ω))
∂2E
∂t2
. (2.13)
From this equation we can derive the relation between the amplitude of k-vector k
and the susceptibility. If we consider the expansion at first order of the k-vector
k = ω
c
√
1 + χ ' ω
c
(1 + χ
′
2
+ iχ
′′
2
) = k′ + ik′′ we obtain for the electric field:
E = E0exp
[
i
ω
c
(
1 +
χ′
2
)
z
]
exp
[
− ω
c
χ′′
2
z
]
+ c.c.. (2.14)
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We can see that real and imaginary part of the susceptibility are related to two
different phenomenons that occurs when polarized light propagates inside a medium
represented by a two level system: dispersion and absorption/gain. Dispersion is
described by the complex exponential in equation (2.14); this term corresponds to
a plane wave that propagates along a medium that now has a refractive index that
depends on frequencies and has the following form:
n(ω) =
(
1 +
χ′(ω)
2
)
. (2.15)
The second exponential in equation (2.14) describe the absorption (χ′′(ω) < 0) or the
gain (χ′′(ω) > 0) of the medium. At thermodynamic equilibrium we have that the
population difference N
(0)
b −N (0)a is negative so χ′′ describes an absorption while for
a positive value we obtain a gain. In figure 2.2(a)-2.2(b) the plot of χ′(ω) and χ′′(ω)
(a) Dispersion (b) Absorption
Figure 2.2. Real (a) and Imaginary (b) part of χ plotted as a function of ω − ω0
for (N (0)b − N (0)a ) < 0. Γ2pi = 1.4 · 107 Hz, γ2pi = 0.7 · 107 Hz and Ω2pi = 1.4 · 106 Hz
(blue), Ω2pi = 2 · 107 Hz (orange), Ω2pi = 5 · 107 Hz (green).
are reported as a function of ω − ω0 for a negative population difference. Looking
at equation 2.9 we can see that χ′′(ω) has a lorentzian shape centered in ω0 with an
FWHM equal to:
∆ωFWHM = 2
√
γ2 + Ω2
γ
Γ
(2.16)
As we can see in figure 2.9 as the field power, and thus the Rabi frequency, increase
a broadening of the absorption bandwidth and a saturation of the absorption at
the line center of χ′′ occurs. Equation 2.16 well describe the broadening while the
saturation is due to the factor Ω
2
Γ
in equation 2.9. An analogous trend is obtained
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for higher coherence decay rate γ. We now analyze the dispersion curve χ′(ω − ω0).
If we introduce the definition of group velocity:
vg =
∂ω
∂k
=
c
1 + χ
′
2
+ ω
2
dχ′
dω
(2.17)
we can see that this quantity depends on χ′ and its derivative. If we impose the
condition of thermodynamic equilibrium, we can see in figure 2.2(a) that in a neigh-
bourhood of ω0 the slope of the derivative is negative. If the absolute value of the
derivative is high enough, it is possible to obtain a group velocity bigger than vac-
uum light speed c, or a negative group velocity. This kind of phenomenon is of hard
realization in a two level system because the superluminal pulse occurs when the
absorption is maximal.
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Figure 2.3. Λ-system scheme. γab, γac and γbc are the coherences decay
rates. Γa, Γb and Γc are the population decay rates. Λa, Λb and Λc the
pumping rate for each level.
2.3 A Kind of Three Level System: Λ-system
In the previous paragraphs we have analyzed the dynamic of a two-level system
in order to introduce some concepts that are useful to analyze and understand the
phenomenon of EIT in a three-level system . In the next paragraphs we will analyze
a special kind of three-level system, a Λ-system, where it is possible to realize EIT.
2.3.1 Λ-system
In figure 2.3 we present a Λ system. This kind of system is characterized by three
levels |a〉, |b〉 and |c〉. Transition |b〉-|c〉 is dipole forbidden while the other two pos-
sible transition |c〉-|a〉 and |b〉-|a〉 are allowed and are respectively characterized by
an energy difference of the levels of h¯ωba and h¯ωca. For population and coherences
decay we use the same notation that we have used in equations (2.3-2.4).
We are interested in study the interaction of a Λ-system with two coherent electro-
magnetic fields that we label coupling and probe. The two fields are respectively
characterized by an angular frequency and a Rabi frequency of ωp, Ωp for the probe
9
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field and ωc, Ωc for the coupling field. We introduce the optical detuning defined as
∆p = ωp − ωba for the probe field and ∆c = ωc − ωca for the coupling field. Finally
we introduce the Raman detuning δR = ∆p −∆c.
We are interested in the study of the temporal evolution of this kind of system. We
thus use equation (2.2). The Hamiltonian that characterizes the system described in
figure (2.3) is Ĥ = Ĥ0 + Ĥint where:
Ĥint = −
[
h¯
Ωp
2
exp[−ı(ωpt+ φp)]|a〉〈b|+ h¯Ωc
2
exp[−ı(ωct+ φc)]|a〉〈c|+ h.c.
]
(2.18)
and
Ĥ0 = −h¯ωba|b〉〈b| − h¯ωca|c〉〈c|. (2.19)
2.3.2 Dark State and CPT Phenomenon
Before starting to calculate the susceptibility of a Λ-system it is better to point out
the concept of a dark-state that is connected to EIT phenomenon. We can take a
simplified system like figure (2.3): we can consider that level |b〉 and |c〉 are degenerate
and the coupling and probe fields have the same frequency ω and the same phase φ.
We obtain for the Hamiltonian of interaction:
Ĥint = −h¯
 0
Ωp
2
e−ı(ωt+φ) Ωc
2
e−ı(ωt+φ)
Ω∗p
2
eı(ωt+φ) 0 0
Ω∗c
2
eı(ωt+φ) 0 0

It is easy to see that this operator have 3 different eigenvalues, one of this is 0. For
this eigenvalue the related eigenstate is:
|NC〉 = Ωc√|Ωc|2 + |Ωp|2 |b〉 − Ωp√|Ωc|2 + |Ωp|2 |c〉. (2.20)
If we now calculate the matrix element for the transition between |NC〉 and |a〉 we
obtain:
〈a|Ĥint|NC〉 = 0. (2.21)
|NC〉 cannot be coupled to |a〉 with an electromagnetic interaction, so an atom in
state |NC〉 cannot absorb a photon and cannot be excited to the quantum state |a〉.
We can conclude that an atom prepared in a state |NC〉 will remain in this quantum
state, it cannot leave this quantum state neither by free evolution. This is what we
call a dark state.
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We now point out some characteristics of this quantum state that will be useful in
the experimental case. If we impose the condition of Ωp  Ωc we have |NC〉 → |b〉.
In this case one of the quantum state of the Λ-system takes the role of dark state.
Considering the quantum state:
|C〉 = Ω
∗
p√|Ωc|2 + |Ωp|2 |b〉+ Ω
∗
c√|Ωc|2 + |Ωp|2 |c〉 (2.22)
that is orthogonal to the dark state |NC〉 and it is also an eigenstate of Ĥ0 of eigen-
value 0 then it cannot evolve in state |NC〉 by interaction with the free Hamiltonian.
It can evolve in another state only by relaxation process or interacting with laser
field. In fact this quantum state is coupled to level |a〉 by Ĥint. We obtain for the
matrix element:
〈a|Ĥint|C〉 = − h¯
2
√
|Ωc|2 + |Ωp|2e−ı(ωt+φ) (2.23)
If now we express the three level Λ system with the basis of quantum state |C〉,
|NC〉 and |a〉, we have that spontaneous emission leads to the following decay for
the population [6]:
d
dt
σC,C
∣∣∣∣∣
sp
=
d
dt
σNC,NC
∣∣∣∣∣
sp
=
Γ0
2
σaa (2.24)
Equation (2.24) shows that, through spontaneous emission, the populations of states
|C〉 and |NC〉 increase at a rate of Γ0
2
, where Γ0 is the relaxation rate of the popula-
tion of the excited level due to spontaneous emission. Once an atom is in state |NC〉
it cannot interact with laser field and it will remain in this state (only collisions with
other atoms can change its state). Atoms that are in state |C〉 can evolve into state
|a〉 by laser interaction and then decay to state |C〉 or |NC〉, so it possible to trap
atom in a dark state using several absorption and emission cycles.
2.3.3 From Dark State to EIT
In paragraph (2.1) we have introduced the temporal evolution of density matrix op-
erator (equations (2.2)). We use this matrix equation to deduce the optical Bloch
equations in order to calculate the susceptibility of a three-level Λ-system. We briefly
describe the relaxation processes that occur in a Λ-system interacting with two co-
herent electromagnetic fields (see figure 2.3) . γab, γac (optical coherences) and γbc
(Raman coherence) are the coherence decay rates. We impose in our calculation
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γab = γac because we consider that two lower level are degenerate. Γa is the popula-
tion relaxation decay rate for the upper state and it is equal to spontaneous emission
decay rate. Γb and Γc are the decay rates of the lower level population. Λa, Λb and
Λc are the pumping rate for the respective levels. We obtain the following optical
Bloch equations:
dσaa
dt
=− i
2
[(σ˜abΩ
∗
p − σ˜baΩp) + (σ˜acΩ∗c − σ˜caΩc)] + Λa − Γaσaa
dσbb
dt
=− i
2
(σ˜baΩp − σ˜abΩ∗p) + Λb − Γbσbb
dσcc
dt
=− i
2
(σ˜caΩc − σ˜acΩ∗c) + Λc − Γcσcc
dσ˜ab
dt
= σ˜ab(i∆p − γab) + i(σbb − σaa)Ωp2 + iσ˜cbΩc2
dσ˜ac
dt
= σ˜ac(i∆c − γac) + i(σcc − σaa)Ωc2 + iσ˜bcΩp2
dσ˜bc
dt
=−σ˜bc(γbc + iδR)− iσ˜baΩc2 + iσ˜ac
Ω∗p
2
where we have introduced the following change of variables in order to remove the
time dependence of the different terms and thus introducing the Raman (δR) and
optical (∆c and ∆p) detuning:
σab=σ˜ab exp[−iωpt]
σac=σ˜ac exp[−iωct]
σbc=σ˜bc exp[−i(ωc − ωp)t]
In the previous paragraph we have remarked that, if Ωp  Ωc, we can approximate
the dark state for the atom-laser system with the free Hamiltonian’s eigenstate |b〉;
it is thus possible to trap the atoms in this quantum state using several absorption-
emission cycles. After this consideration we can impose that at steady state regime
the populations are described by the following equations: σaa = σcc = 0 and σbb = 1.
In this condition it is possible to solve the optical Bloch equations for the coherences
at the steady state regime . We stress that in the approximation of weak probe
field we will neglect the second order term in Ωp. We obtain for σ˜ab the following
expression:
σ˜ab
Ωp
=
i(γbc − iδR)
2(γbc − iδR)(γab − i(∆c + δR)) + |Ωc|24
(2.25)
Using tis expression we can calculate the susceptibility of an ensemble of identical
atoms which dynamics can be described with a Λ-system in interaction with cou-
pling and probe fields. We obtain for the probe field the following result for the
susceptibility [7]:
χ =
Nd2
2V 0h¯
i(γbc − iδR)
(γbc − iδR)(γab − i(∆c + δR)) + |Ωc|24
(2.26)
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where N
V
is the density of atoms and d is the dipole moment. In this case d = 〈a|dˆ|b〉 =
〈a|dˆ|c〉 because of the degeneration of the ground levels. We consider a coupling field
resonant to the atomic transition (∆c = 0) and we take into account the following
approximation: δR,γbc  γab,|Ωc|. This approximation is justified because we are
considering a strong coupling field and an high spontaneous emission decay rate that
is equal to 2γab. Separating real and imaginary part we obtain:
χ′ =
Nd2
2V 0h¯
δR
(
|Ωc|2
4
)
(
γbcγab +
|Ωc|2
4
)2
+ δ2Rγ
2
ab
(2.27)
χ′′ =
Nd2
2V 0h¯
γbc
|Ωc|2
4
+ γab(δ
2
R + γ
2
bc)(
γbcγab +
|Ωc|2
4
)2
+ δ2Rγ
2
ab
. (2.28)
In figure 2.4 we report the plot of χ′(δR) and χ′′(δR). χ′′ (figure 2.4(b)) presents
(a) Dispersion (b) Absorption
Figure 2.4. Real (a) and Imaginary (b) part of χ plotted as a function of δR
for γab2pi = 1.4 · 107 Hz, γbc2pi = 103 Hz and Ωc2pi = 5 · 106 Hz. We obtain an EIT
window ΓEIT ≈ 10 MHz.
a strong depression in a neighbourhood of δR = 0 with a minimum for zero Raman
detuning. This dip in χ′′ corresponds to a transmission peak that is an electromag-
netic induced transparency (EIT). We obtain, after straightforward calculation, the
following form for the imaginary part of susceptibility:
χ′′ =
Nd2
2V 0h¯
[
1
γab
− 1
γab
|Ωc|2
4γab
(
γbc +
|Ωc|2
4γab
)
(
γbc +
|Ωc|2
4γab
)2
+ δ2R
]
. (2.29)
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It is now evident that χ′′ has the shape of a lorentzian subtracted to a constant with
a width at half maximum:
ΓEIT = 2γbc +
|Ωc|2
2γab
. (2.30)
This quantity represents the width of the peak of transmission and it is also known
as EIT window. The condition δR  γab,|Ωc|2 must be fulfilled all along the width
so another implicit condition must be imposed: |Ωc|  γab. This condition gives
an important restriction to the width of the EIT window: ΓEIT  γab. The lower
limit for ΓEIT is instead represented by γbc i.e. when
|Ωc|2
2γab
can be neglected. We can
remark that absorption is not totally cancelled. This background is linked to Raman
coherence (γbc); if we impose γbc = 0 at δR = 0 we can see that χ
′′ = 0. We can thus
see that high values of Raman coherence prevents us to obtain good transparency.
2.3.4 Slow-light and Fast-light
(a) Dispersion curve (b) Absorption curve
Figure 2.5. Real (a) and Imaginary (b) part of χ plotted as a function of δR for
γab
2pi = 1.4 · 107 Hz, γbc2pi = 103 Hz, Ωc2pi = 5 · 106 Hz, ∆c2pi = 2 · 107 Hz.
If we look now at figure (2.4(a)), we can immediately observe that the first deriva-
tive of χ′ has positive value in a neighbourhood of δR high enough to obtain a group
velocity smaller than speed light in vacuum (see equation (2.17)) We have at zero
Raman detuning for the first derivative of χ′:
∂χ′
∂δR
∣∣∣∣∣
δR=0
∝
|Ωc|2
4(
γbcγab +
|Ωc|2
4
)2 (2.31)
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This expression shows how ∂χ
′
∂δR
and thus velocity group depend on the relaxation
parameters. As γab increase,
∂χ′
∂δR
decrease and so group velocity approaches speed
light. γab, as well as |Ωc|2, are thus a limit to the slowdown of the group velocity.
We now remove the condition of a resonant coupling field (∆c 6= 0). In this case real
and imaginary part of susceptibility have the following form:
χ′ =
Nd2
2V 0h¯
δR
(
|Ωc|2
4
− δR(δR + ∆c)
)
− γ2bc(δR + ∆c)(
γbcγab − δR(δR + ∆c) + |Ωc|24
)2
+
(
δRγab + γbc(δR + ∆c)
)2 (2.32)
χ′′ =
Nd2
2V 0h¯
γbc
(
|Ωc|2
4
+ γabγbc
)
+ δ2Rγab(
γbcγab − δR(δR + ∆c) + |Ωc|24
)2
+
(
δRγab + γbc(δR + ∆c)
)2 . (2.33)
In figure 2.5 are represented the plot of χ′ and χ′′ as a function of δR. The imaginary
part of susceptibility (figure 2.5(b)) exhibits now has an asymmetric profile. A peak
of transmission is still present at zero Raman detuning (EIT), but the EIT window is
reduced and presents now an asymmetric profile. Dispersion (figure 2.5(a)) exhibits
an interesting profile in order to realize fast-light pulses.
We observe that, for a restricted range of frequency, χ′ exhibits negative slope with
an absolute value high enough to obtain a group velocity bigger than vacuum speed
light or with negative values. If we compare dispersion and absorption curve we can
observe that in the range of frequencies where fast-light phenomenon can occurs the
signal it is not totally absorbed , so it is possible to observe light pulse with a group
velocity bigger than c [2].
We can then see the role that a non-zero optical detuning for the coupling laser acts
when we consider the susceptibility for the probe laser. It is important to remark
that a negative dispersion as the one represented in figure 2.5(a) holds as long as
∆c ∼ γab. In the opposite case, ∆c  γab, ∆c can be neglected in equations 2.32-
2.33 and we obtain, in a range of frequencies δR  γab, a positive dispersion and an
absorption analogous to the case of a resonant coupling field.
The reason that lead to an overcome of light speed must be researched in an inter-
ference phenomenon. We first consider the phase velocity for a dispersive medium:
vp =
c
n(ω)
(2.34)
where n(ω) is the one in equation (2.15). We can image a light pulse as the super-
position of several Fourier components characterized by an own frequency. The
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number of component depends on the temporal duration of the pulse. The pulse
is thus the result of destructive and constructive interference between the different
Fourier components that add in phase leading to constructive interferences for the
peak pulse, or interfere destructively in the case of the wings. We have emphasized
the dependence of the refraction index on the frequency because if we now consider
a dispersive medium each components will have a different phase velocity and then
constructive and destructive interference will take place in different place.
If n(ω) varies linearly the reconstructed pulse undergoes a shift in time without shape
distortion. This phenomenon is well described by group velocity for a pulse centered
in ω0[8]:
vg =
c
n(ω) + ω dn(ω)
dω
∣∣∣∣∣
ω=ω0
=
c
ng
(2.35)
where we have introduce the group index ng. If ng > 1 we have vg < c (“slow light”).
The phase velocity of each pulse component undergoes a slowdown and the point of
constructive interference takes place at a later time. For ng < 1 (vg > c or vg < 0)
the pulse components are accelerated and the reconstructive interference takes place
at an earlier time (“fast light”). This description hold as long as the spectral width
of the pulse is smaller than the spectral range where dispersion can be considered
linear. In our experimental case we obtain a linear dispersion, positive as well as
negative, in a neighbourhood of δR = 0 for a range of hundred kHz. We can see that
slow and fast light are two different effects, linked to the nature of dispersion.
The interpretation of the light pulse as the effect of interference of the Fourier com-
ponent is useful to understand why superluminal group velocity does not violate the
relativity principle that establish that no signal can be transmitted with a velocity
exceeding c. A peak of a gaussian pulse traveling at a group velocity vg > c cannot be
considered as the propagation of a signal: the motion of the peak pulse in time and
space is only due to the displacement of the constructive interference of the various
Fourier components that change place at a superluminal speed.
Two successive peaks of interference are not causally related because the interference
phenomenon is due to the different phase velocity of each Fourier components that
are not causally related. We can find an analogy with the well known paradox of
“the motion of a spot of light made by shining a rotating flashlight onto a distant
wall. The spot can, in principle, move superluminally but there is no violation of
causality because the spot at one instant is not the source of the spot at a later
instant. In this same sense, the experimental observation of pulse peaks propagating
faster than c do not contradict Einstein causality” [9].
We can thus conclude that group velocity cannot be considered the velocity at which
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a signal travels. The definition of the signal velocity and thus of “information” is a
controversial theme of the scientific research. The most widely hypothesis is to con-
sider information carried by non-analytic point [10] [11] like an Heaviside function
or a discontinuity in the pulse amplitude or its derivatives. In [12][13] Stenner et al.
assume this kind of definition for signal velocity and they measure, either in the case
of a “slow-light” medium either in the case of “fast-light” medium, a signal group
velocity equal to c as it was predicted by Brioullin [11].
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EIT in Metastable Helium
In the previous chapter we have analyzed the response of a Λ system to laser exci-
tation and we have obtain the conditions that permit to obtain the phenomenon of
EIT. We have also studied some others phenomenons related to EIT like slow and
superluminal group velocity. In this chapter we want described how we can experi-
mental obtain EIT in a hot gas of metastable Helium. First of all we will describe
the characteristics of Helium that permit to isolate a Λ-system and observe an EIT
resonance, then we will describe the experimental apparatus used to isolate a Λ-
system from Helium and to induce and reveal transparency. Finally we will discuss
how Doppler broadening of an hot gas influence the EIT window.
3.1 EIT in Metastable Helium
Helium is a rare gas then characterized of a close-shell system. When one s-electron
is excited from the core to a high-lying metastable state, the atom (He∗) behaves
effectively like a single-electron atom; the only difference is that He∗ have an open
S-state core instead of a closer inner shell. The most common isotope is 4He and its
ground state 11S0 is a spin singlet.
In figure (3.1) we can see the level scheme of 4He. The first excited state is 23S1. It is
a metastable state with a lifetime of approximately 8000 s and it has a difference in
energy from the ground state of about 19.8 eV. It is a spin triplet with 3 degenerate
sub-levels. The second excited state is 21S0. It is a metastable state with a lifetime
of 19 ms. It is a spin singlet and it is 20.6 eV above the ground state. No dipole
transitions between these two excited levels, nor decay to ground state via electric
dipole transition are allowed because of ∆L = ±1 selection rule.
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Figure 3.1. Energy levels of 4He. The transition considered for a Λ-system is
23S1 → 23P1 at 1.083 µm. The tripod system examined in chapter 5 is instead
isolated from 23S1 → 23P0 transition.
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Figure 3.2. Scheme of the Zeeman sub-levels of 23S1 → 23P1 transition in He∗ with
the allowed transition traced in figure.
The metastable state 23S1 is instead coupled to 2
3P by dipole transition. The
distance between these two excited states is 1.083 µm. 23P is split into three fine
structure levels with J = 0, 1, 2. These sub-levels have respectively degeneracy 1, 3,
5. The fine structure intervals ∆JJ ′ are ∆12 ≈ 2.291 GHz and ∆01 ≈ 29.617 GHz.
3.1.1 Isolation of a Λ-system in He∗
Figure 3.3. Process of absorption and emission cycles to isolate a Λ-system and
obtain CPT in He∗. Both the fields have the same Rabi frequency Ω
We can see in figure (3.1) atoms in the metastable states 23S1 are coupled to the
excited state 23P by dipole transition with a difference of 1083 nm. In the experiment
we have used diode laser (model SDL-6700) that permits us to scan the three different
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transition that are related to fine structure of level 23P. We are interested in using
23S1 → 23P1 transition; both levels have got three Zeeman sub-levels as we can see
in figure (3.2) where we also indicate the allowed transitions. Selection rules also
impose that transition with ∆J = 0 and mJ = 0→ mJ = 0 is forbidden.
We know that from electric-dipole selection rule for circularly polarized light ∆mJ =
mf −mi = ±1 in particularly ∆mJ = +1 for right-handed polarization and ∆mJ =
−1 for left-handed polarization. If we apply two electromagnetic fields with different
circularly polarization like in figure (3.3) sub-levels e1 e−1 and g0 became irrelevant
after several absorption-emission cycles leading to the isolation of a Λ-system; with
absorption-emission cycles we can also trap metastable He atoms in a dark state as
we have described in paragraph (2.3.2). The trapping of the atoms require a more
strict condition because it takes not only the superposition of state g1 and g−1 but
also a precise phase relation between these two states (equation 2.20).
In paragraph (2.3.2) we have described how we can trap atoms in a dark state.
Figure 3.4. Optical pumping with a σ+ polarized beam.The different steps of the
pumping process are illustrated. First we have a uniform distribution of the atoms
in the three sub-levels. Because of the forbidden transition e0 → g0 the atoms have
a greater probability to decay in g1. After several absorption and emission cycles
the atoms are pumped in this last sub-level.
In the model we have supposed that the two laser fields have the same Rabi frequency
Ω. We have also remarked instead that in the case of a strong difference between the
Rabi frequencies (Ωp  Ωc) the dark state is still a superposition of the two lower
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states, but the sub-level have different probability amplitude: the coupled state has
a negligible probability amplitude with respect to the probed level. In figure (3.1.1)
we can see that with a strong coupling field, σ+ polarized and with a Rabi frequency
Ωc, it is possible to trap atoms in the Zeeman sub-level g1 that takes the role of
dark state. Using a weak probe field, σ− polarized and with a Rabi frequency Ωp,
is then possible to scan the sample and reveals the induced transparency due to the
non-interaction of the dark state with the laser fields.
3.1.2 Relaxation Processes
Figure 3.5. Three-level Λ-system. Γ/2 is the optical coherences decay rate, Γt
is transit rate, ΓR is the Raman coherences decay rate. Ωc and Ωp are the Rabi
frequency for coupling and probe field with respective oscillating frequency ωp
and ωc. ∆p and ∆c are the optical detuning for probe and coupling field and
δR = ∆p −∆c is the Raman detuning.
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In paragraph 2.3.3 we have analyzed the interaction of a Λ-system with two
coherent electromagnetic fields (coupling and probe field) in an approximation of
weak probe (Ωp  Ωc) . We want now use this model to describe the case of a gas
of metastable Helium at room temperature that interact with two collimated and
coherent laser beam. In the last paragraph we have shown that metastable Helium
can be described with a pure three-level Λ-system. In figure 3.1.2 we report a scheme
of the Λ-system considered. |a〉 is the upper level with a spin component mJ = 0, |b〉
and |c〉 are the ground levels with respective spin components mJ = −1 and mJ = 1.
The atoms in the upper level decay by spontaneous emission to the lower levels with
equal rate Γ0
2
. Γ
2
is the coherences decay rate for the two transitions |a〉 − |b〉 and
|a〉 − |c〉. It defined in the following way:
Γ
2
=
Γ0
2
+ Γcoll + Γt (3.1)
where Γcoll is the collisional dephasing relaxation due to pressure. This term takes
into account the coherences damping caused by the atomic collisions that may affect
the phase relations between the different atomic states. Γt is the rate at which the
pass through the laser beam. This transit decay rate is the same for the three levels.
Indeed we assume that the incoming atoms are in a ground state, so lower levels
have fresh atoms coming with the same rate Γt
2
. If we neglect the population in level
|a〉, the total population is then conserved. ΓR is the Raman coherence decay rate
for the two levels |b〉 and |c〉.It contains the effect due to the transit decay rate Γt.
We obtain for population relaxation:
(
dσaa
dt
)
relax
= −(Γ0 + Γt)σaa (3.2)(
dσbb
dt
)
relax
=
Γ0
2
σaa − Γt
(
σbb − 1
2
)
(3.3)(
dσcc
dt
)
relax
=
Γ0
2
σaa − Γt
(
σcc − 1
2
)
(3.4)
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and for coherences relaxation processes:(
dσab
dt
)
relax
= −Γ
2
σab (3.5)(
dσac
dt
)
relax
= −Γ
2
σac (3.6)(
dσbc
dt
)
relax
= −ΓRσbc (3.7)
(3.8)
For metastable helium at room temperature at a pressure of 1 Torr inside a cylinder
shielded with µ-metal to avoid stray magnetic fields, the various decay rates are
typically [14]:
Γ0
2pi
= 107 Hz (3.9)
Γcoll
2pi
= 1.33 · 108 Hz (3.10)
Γt
2pi
∼ 103 Hz (3.11)
ΓR
2pi
= 104 − 105 Hz. (3.12)
In analogy with the Λ-system studied in the paragraph 2.3.3 we obtain for the sus-
ceptibility and for the EIT window:
χ =
Nd2
2V 0h¯
ı(ΓR − ıδR)
(ΓR − ıδR)
(
Γ
2
− ı(∆c + δR)
)
+ |Ωc|
2
4
, (3.13)
ΓEIT = 2ΓR +
|Ωc|2
Γ
. (3.14)
3.1.3 Doppler Broadening
We know that in gas at room temperature the absorption spectral line undergoes
a broadening due to the velocity distribution of the atoms (Doppler broadening).
The spectral line has now a Gaussian profile due to the Doppler broadening. The
distribution of the atoms in the spectral domain has the following form:
D(ω) =
√
ln 2
WD
√
pi
e
− (ω−ωc)2
W2
D
ln 2
(3.15)
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where WD = (2pi/λ)
√
2 ln2 kBT/mHe is the half-width at half-maximum of the
Gaussian distribution. We have supposed that the coupling field is tuned to the
center of the absorption spectral line. Averaging the coherence σ˜ab over all the
atoms weighted by their frequency distribution, we obtain for the Doppler-broadened
susceptibility:
χ =
Nd2
2V 0h¯
∫
σ˜ab(∆
′
c)D(ω)dω (3.16)
where ∆′c = ω−ωac is the optical detuning seen by the different velocity classes of the
atoms. In order to analytically solve the integral in equation (3.16) we approximate
the Doppler distribution with a Loretzian one with the same width and the same
maximum [7]:
D(ω) =
√
ln 2
WD
√
pi
[
1 +
(
ω
WD
)2] (3.17)
Finally we obtain for a gas of He∗ at room the following results for the susceptibility
and the EIT window [15]:
χ =
Nd2
2V 0h¯
ı(ΓR − ıδR)
(ΓR − ıδR)
(
Γ
2
+WD − ı(∆c + δR)
)
+ |Ωc|
2
4
, (3.18)
ΓEIT = 2ΓR +
|Ωc|2
2WD + Γ
. (3.19)
We can see that in the case of a Doppler broadened medium, the optical coherence
decay rate
(
Γ
2
)
has been replaced by Γ
2
+ WD. For metastable Helium at room
temperature and at a pressure of 1 Torr WD = 0.85 GHz, while
Γ
2
≈ 60 MHz, we
thus obtain a narrower EIT resonance than in the homogenous case. We can now
introduce group delay:
τg = L
(
1
vg
− 1
c
)
=
L
2c
(
χ′ + ωba
∂χ′
∂δR
)
, (3.20)
where c is the light speed of a pulse propagating inside metastable Helium without
EIT and L is the length of the dispersive medium. In the case of a positive dispersive
medium (“slow-light medium”) we obtain, after straightforward calculation, at a zero
optical detuning for the coupling beam and at zero Raman detuning a group delay
with the following form:
τg =
Nd2
2V 0h¯
Lωba
2c
|Ωc|2
4(
ΓR
(
Γ
2
+WD
)
+ |Ωc|
2
4
)2 . (3.21)
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We can immediately see that as optical coherence or Doppler broadening increase,
the EIT window gets narrower and the group delay decreases. If instead we increase
coupling power, |Ωc|2 reminding the now revised condition |Ωc| 
(
Γ
2
+WD
)
imposed
in paragraph 2.3.3, we obtain a wider EIT window but at the same time a reduced
group delay.
When we consider a non-zero optical detuning we have to consider two cases. For
|∆c| 
(
Γ
2
+WD
)
, we have seen in paragraph 2.3.4, dispersion and absorption reduce
to the case of ∆c = 0 so equations (3.19-3.21) are still valid. In the second case we
have |∆c| ∼
(
Γ
2
+ WD
)
, ∆c can no longer be neglected. We obtain a more complex
form for susceptibility that prevent us to obtain a simple equation for the EIT window
and the group delay.Otherwise if we plot the real and imaginary part of equation
(3.18) for different value of Doppler broadening and optical coherences we obtain an
analogous trend to that previously described.
3.2 Experimental Apparatus
We focus now the attention on the experimental apparatus that we need to induced
and then reveal transparency. The experimental setup is sketched in figure (3.6)
Figure 3.6. Experimental set-up used to induce and reveal the phenomenon of EIT
in a gas of He∗ at room temperature.
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3.2.1 Sample Cell
In the experiment we use a cylindrical glass cell 6 cm long filled with Helium at room
temperature at a pressure of 1 Torr. The cell is located inside a µ-metal shield in order
to avoid magnetic disturbances due to the ambient. A radio-frequency discharge at
27 MHz excites the He atoms in the cell from the ground state 11S0 to the metastable
state 23S1. A homemade amplifier was used to drive the RF discharge.
3.2.2 Description of the Experimental Apparatus
Light at 1083 nm of wavelength is provided by a diode laser (model SDL-6700). We
operate with a current of 170 mA at a temperature of 19◦ C with a power of almost
50 mW. An aspherical lens is used to model the output of the diode laser and get
a circular cross section. A Lenses L1 and L2 compound a telescope use to collimate
the beam.The beam is spatially filtered by a single-mode fiber to obtain a Gaussian
beam. At the output of the fiber we measure a power of 42 mW.
A quarter-wave plate (λ/4) is put at the output of the fiber to get a linear polarization
because the fiber may not preserve the polarization, giving a elliptical ones. The
beam is then driven into a polarizing beamsplitter that separates probe from coupling
beam. Before entering the beamsplitter the beam passes through a λ/2 used to
change the ratio of intensities between probe and coupling.
The frequencies and intensities of the two beam are controlled by two acousto-optic
modulators AOM1 and AOM2. The two AOM are driven by a RF signal that induces
the refractive index grating in the crystal used in AOM. We select the order of
refraction m = −1 using a diaphragm. In the case of modulation of the probe beam,
an AWG (Arbitrary Waveform Generator) is used to drive the AOM. An AWG
can generate arbitrary electrical waveforms variable in frequency and amplitude;
AWG can be used generating a frequency ramp in order to scan EIT window, or a
sinusoidal or gaussian signal in order to measure group delay. We scan the sample
with a frequency ramp of 500 kHz with a duration of 5 ms. If we want to obtain
EIT we need a coupling beam more powerful than the probe beam. Using the λ/2
placed before the AOMs it is possible to obtain a power for the coupling beam of 22
mW and of a some tens of µW for probe beam.
The two beam are then recomposed by a second polarizing beamsplitter. Using
a telescope, we achieve a suitable dimension for the cross section of the beam of
about 2 mm of diameter. A λ/4 is placed at the entrance of the cell to get circular
polarization, σ+ for coupling and σ− for probe. At the output of the cell an other
λ/4 changes the polarization of the two fields into a linear one. After that a polarizer
aligned to probe polarization is used to cut the coupling field. The signal is then
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detected by a photodiode and the current signal produced by the photodiode is then
driven to an oscilloscope where is visualized as a voltage difference.
The signal that we detect is the transmitted signal that is proportional to e−
ω
2c
Im(χ)z.
So data processing is necessary to obtain the value of Imχ. The procedure consists
in subtract the noise normalized to the noise with only the probe signal and take the
logarithm to obtain a curve directly proportional to susceptibility and fitting with a
Lorentzian.
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Pulse Simulation
During my permanence at Laboratoire Aime´ Cotton I have realized the simulation
of the propagation of a gaussian pulse through a medium, of finite dimension, that
presents analogous characteristics of a gas of 4He∗ at a pressure of 1 Torr, at room
temperature. The target of these simulation was to visualize the time variations of
the pulse along the medium. I have realized this kind of simulation for two kind of
situation: first considering a pulse with a group velocity smaller than speed light and
then for a pulse with a group velocity bigger than speed light. Some changes have
been necessary to be able to visualized a gaussian pulse.
4.1 Slow-light
(a) Dispersion (b) Absorption
Figure 4.1. Real (a) and Imaginary (b) part of χ plotted as a function of δR.
Γ
2pi = 1.4 · 108 Hz, ΓR2pi = 4 · 103 Hz, WD2pi = 107 Hz and Ωc2pi = 2 · 107 Hz.
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We are considering the propagation of a gaussian pulse through a dispersive
optical medium of finite dimension. In the medium transparency is induced with a
coupling laser of frequency ωc with a Rabi frequency Ωc. The length of the medium
along the z axis is Lcell = 6 cm. We will consider a pulse propagating along this
direction. The medium presents the same susceptibility as in equation (3.18):
χ =
Nd2
2V 0h¯
ı(ΓR − iδR)
(ΓR − iδR)(Γ2 +WD − i(∆c + δR)) + |Ωc|
2
4
.
We impose ∆c = 0 and we obtain a symmetric EIT window. Indeed this condition
permits to obtain the largest value for the EIT width and the slower group velocity.
We now introduce the gaussian pulse in the temporal domain with the following
form:
E(z = 0,t) = E0 e
− (t−t0)2
2∆t2 e−iωpt. (4.1)
E0 is the field amplitude, supposed real, ∆t is the half-width at
1
e2
of the pulse and
ωp is the laser frequency. We have chosen ∆t = 1µs, (instead of 25µs, the real value
for the diode laser) in order to obtain a spatial width of the pulse of the order of the
dimension of the medium. We thus obtain a larger spectral width for the probe pulse.
In order to avoid distortion of the pulse shape due to the limited width of the EIT
window we consider a medium with a smaller Doppler broadening (of the same order
of the optical coherences WD ∼ Γ2 ) and coupling laser with a higher Rabi frequency
than those considered in the experiment. These adaptations does not preclude the
realization of EIT, they only enlarge the width of the EIT window (we have ΓEIT ∼ 2
MHz instead of the order of kHz) and reduce the time delay (τ ∼ 2µs instead of 10
µs). With these devices we obtain that the spectral width of probe pulse is full
contained inside the EIT window. In figure (4.1) we have plotted real and imaginary
part of susceptibility. Parameters’ value are reported in the caption. We obtain a
group velocity vg ∼ 3 · 104ms .
4.1.1 Pulse Propagation in Slow-light Regime
The calculation of the propagation of a gaussian pulse through an optical dispersive
absorbent medium does not require elaborate mathematical tools. We use Fourier
analysis to go from the frequency domain to the time domain and vice versa. We
start by considering the Fourier transform of the gaussian pulse in equation (4.1):
E˜(z = 0,ω) =
1√
2pi
∫ ∞
−∞
E0e
− (t−t0)2
2∆t2 e−i(ωp−ω)tdt. (4.2)
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(a) t = 99µs (b) t = 100µs
(c) t = 101µs (d) t = 102µs
(e) t = 103µs
Figure 4.2. The blue curve is the pulse that propagates in a cell filled with
a dispersive medium. The dashed orange curve is a reference pulse that prop-
agates in the air. The light red region is a zoom on the cell 6 cm long. The
reference pulse is so large (∆z ≈ 3 × 102 m) that it seems to be constant in-
side the 6 cm cell, while the propagating pulse undergoes a spatial reduction
because of the slower group velocity.
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We simplify the expression by shifting of an amount of −ωp in the frequency domain.
This shift permits us to directly work with δ = ωp − ω instead of ω. We thus obtain
for the Fourier transform:
E˜(z = 0,δ) = E0 ∆t e
iδt0− δ2∆t22 . (4.3)
We introduce now the dispersion and absorption effects using equation (2.14). Real
and imaginary part of susceptibility are functions of δ. If we also apply the inverse
Fourier transform, we have for the laser pulse in the temporal domain:
E(z,t) =
1√
2pi
∫ ∞
−∞
E˜(z = 0,δ)eiδteik
′(δ)ze−k
′′(δ)zdδ, (4.4)
where
k′(δ) =
(
2pi
λ
+
δ
c
)(
1 +
χ′(δ)
2
)
, (4.5)
k′′(δ) =
(
2pi
λ
+
δ
c
)
χ′′(δ)
2
. (4.6)
We now consider a pulse propagating into a cell 6 cm long. We consider a pulse
propagating in a cell filled with a dispersive medium (blue curve) and a reference pulse
calculated without any dispersion and absorption effect propagating with a group
velocity equal to c (orange dashed curve). We are considering a pulse with a temporal
width of ∆t ≈ 1µs. For the reference pulse propagating the spatial extension is thus:
∆z ≈ c∆t ≈ 3 × 102 m, while the cell is 6 cm long. We have thus realized a zoom
of the cell represented by the light red region. Comparing the two curve in figure
(4.2) we can immediately see the effect of dispersion. The reference pulse profile is
almost constant all along the cell length while for the pulse entering the positive
dispersive medium we can see that the slowdown of group velocity corresponds to a
reduction of the spatial extension. We have for the dispersive medium considered:
∆z ≈ vg∆t ≈ 10−2 m of the same order of the cell length. This effect is well shown
by figure 4.2(c). The Gaussian pulse is centered at t0 = 100µs. We have plotted
the pulses at different times. For t = 100µs the maximum of the pulse is at the
beginning of the cell. We obtain that the peak pulse exits with a delay of τg ≈ 1.9µs
in agreement with the expected theoretical value.
4.2 Fast-light
The visualization of a light pulse propagating inside a negative dispersive medium
presents some problems related to the length of the medium and the width of the
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pulse. We choose a spatial width of the pulse comparable to the medium dimension.
We are considering a medium 6 cm long; we thus need to consider a gaussian pulse
with a temporal width of 100 ps, this imply a large spectral domain ∆ω ≈ 10 GHz. In
paragraph 2.3.4 we have seen that imposing a non-zero optical detuning for coupling
beam we can obtain a superluminal group velocity for the probe pulse. We impose
∆c
2pi
= 0.5 GHz.
Figure 4.3(a) -4.3(b) are the plot of real and imaginary part of susceptibility in a
(a) Dispersion (b) Absorption
Figure 4.3. Real (a) and Imaginary (b) part of χ plotted as a function of
δR. ∆c2pi = 0.5 · 109 Hz, Γ2pi = 1.4 · 108 Hz, ΓR2pi = 4 · 103 Hz, WD2pi = 0.85 · 109 Hz
and Ωc2pi = 2 · 106 Hz.
range comparable to the spectral width of the pulse. We can see the negative slope of
dispersion that is a necessary condition for a superluminal group velocity. Comparing
the plot of group velocity (figure 4.4(a)) and field transmission (figure 4.4(b)), we
can immediately observe that the spectral component associated to a superluminal
or a negative group velocity are not totally absorbed, so the observation of a fast-
light pulse is possible. We also remark that group velocity appreciably vary in the
spectral domain considered. We cannot thus a priori determine the group velocity
of this pulse.
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4.2.1 Pulse Propagation in Fast-light Regime
(a) GroupVelocity (b) Field transmission
Figure 4.4. Group velocity (a) and field transmission (b) plotted as a function of
δR in a range of 20 GHz. ∆c2pi = 0.5 · 109 Hz, Γ2pi = 1.4 · 108 Hz, ΓR2pi = 4 · 103 Hz,
WD
2pi = 0.85 · 109 Hz and Ωc2pi = 2 · 106 Hz.
We now examine the the propagation of the pulse inside the medium. We cal-
culate the propagating electromagnetic field as we have described in the previous
paragraph. Only small changes have been necessary because we are now consider-
ing a non resonant coupling field, so when we apply the inverse Fourier transform
we have to consider the effect of ∆c. The pulse in the temporal domain must be
calculated with the following relation:
E(z,t) =
1√
2pi
∫ ∞
−∞
E˜(z = 0,δ)eiδteik
′(δ, ∆c)ze−k
′′(δ, ∆c)zdδ, (4.7)
where
k′(δ, ∆c) =
(
2pi
λ
+
δ + ∆c
c
)(
1 +
χ′(δ, ∆c)
2
)
, (4.8)
k′′(δ, ∆c) =
(
2pi
λ
+
δ + ∆c
c
)
χ′′(δ, ∆c)
2
. (4.9)
We have introduce a term ∆c
c
in the two exponential and we have also to remind that
χ′ and χ′′ depend also on ∆c.
In figures 4.5-4.6 we present a gaussian pulse entering a negative dispersive medium
previously described. We have realized a sequences of frames spaced 40 ps in time.
We plot the entering pulse, the blue curve, and a reference pulse, the orange dashed
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(a) t = 99.99999µs (b) t = 100.00003µs
(c) t = 100.00007µs (d) t = 100.00011µs
Figure 4.5. The light red region is the cell 6 cm long. The blue curve is the pulse
propagating in the cell filled with a dispersive medium. The dashed orange curve
is a reference pulse that propagates in the air. We plot the different frames of the
pulse with an interval of 40 ps. The peak pulse enter the cell at t=100 µs
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(a) t = 100.00015µs (b) t = 100.00019µs
(c) t = 100.00023µs (d) t = 100.00027µs
Figure 4.6. A small shift in space is visible for the two pulse peak. The propagating
pulse precedes the reference in leaving the cell. The outgoing pulse did not undergo
any significant distortion. Each frame is spaced 40 ps in time.
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curve. The peak pulse enters the medium at a time t = 100µs and exit after 167
ps. We thus obtain that the peak pulse travel at a speed of v ≈ 3,5 · 108m
s
. We can
observe looking at figure 4.6(d) that the outgoing pulse is larger in space and thus
in time. Regarding figure 4.5(b) we can observe that while the reference peak pulse
is already inside the cell, we have not a maximum yet for the blue pulse. This is a
surprising aspect because, as the pulse exit with a negative delay, at the beggining
we have not a superluminal propagation of the peak. We can see that as the pulse get
inside the cell the peak pulse overcome the reference pulse and exits with a negative
delay. This behaving is related to the non-linear trend of dispersion.
4.3 Fast-light Regime with Constant Group Ve-
locity
(a) Dispersion (b) Absorption
Figure 4.7. Real (a) and Imaginary (b) part of χ plotted as a function of δR
for a range of 50 kHz. ∆c2pi = 0.5 · 109 Hz, Γ2pi = 1.4 · 108 Hz, ΓR2pi = 4 · 103 Hz,
WD
2pi = 0.85 · 109 Hz and Ωc2pi = 2 · 106 Hz.
We have seen in the previous paragraph that it is not easy to define the group
velocity of a pulse when the slope of dispersion curve vary from positive to negative
value all along the pulse’s spectral domain.
In this paragraph we want to consider a simplified case: we impose the same su-
perluminal group velocity for all the pulse’s components. In order to impose this
condition, we take the Taylor series at first order, around a value δ0, for the term k’
of equation (4.7) :
k′(δ, ∆c) ≈ k′(δ0, ∆c) + ∂k
′(δ,∆c)
∂δ
∣∣∣∣
δ=δ0
(δ − δ0) = k′(δ0, ∆c) + (δ − δ0)
vg(δ0, ∆c)
(4.10)
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where vg is the group velocity defined in equation (2.17). We have chosen to expand
k′ around a value δ0 = 35519 Hz; we can see in figure 4.7(a) that, in a neighbourhood
of δ0, χ
′ has a local maximum that imply a negative slope for dispersion. We obtain
for δ0 = 35519 Hz a group velocity vg ≈ 6.5× 109 m/s. For bigger detuning we still
have a negative slope of the curve but in this case we obtain a negative value for vg.
4.3.1 Pulse Propagation
(a) t = 99.99979µs (b) t = 99.99987µs
(c) t = 99.99995µs (d) t = 100.00001µs
Figure 4.8. The light red region is the cell 6 cm long. The blue curve is the
pulse that propagates in a cell filled with a negative dispersive medium. The
dashed orange curve is the reference pulse that propagates in the air. We plot
the different frames of the pulse with an interval of 80 ps, except the last frame
realized at the instant at which the peak pulse exits the cell. The peak pulse
enter the cell at t=100 µs.
We now propose the sequence of frames that represent the examined gaussian
pulse that propagates inside the cell. We have calculated the pulse shape using
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equation (4.7) and the approximation of k′ of equation (4.10). As like as for the
previous simulation we impose that the peak pulse enters the medium at t = 100µs .
(a) t = 100.00003µs (b) t = 100.00011µs
(c) t = 100.00019µs (d) t = 100.00027µs
Figure 4.9. The pulse is now leaving the cell. Comparing the blue (superluminal
pulse) and the dashed orange (reference pulse) curves we can see the spatial shift
due to the superluminal group velocity of the pulse inside the medium. The pulse
has now a distorted shape, note the two side peak.
In figure 4.8(d) we can see the maximum of the pulse exits the cell. We have estimated
that the peak pulse takes 9 ps to cross the cell with a velocity of v ≈ 6.6·109 m/s that
is the same value we impose for group velocity. In figures 4.8(c)-4.8(d)-4.9(a)-4.9(b)
we can see that inside the cell the central part of pulse is decreasing even when the
entering portion of the pulse is increasing. This phenomenon is related to the last
exponential of equation (4.7), the absorption term: the superluminal group velocity
leads to a spatial broadening of the pulse inside the medium and thus to a flatter
pulse profile all along the cell; if we only consider the effect of dispersion, we have
that the field’s amplitude is almost constant all along the cell. If we now take into
account the absorption term we have that the field amplitude of each point of the
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cell has a different multiplicative factor, the absorption term, that is a decreasing
exponential. We observe two detuned peaks for the pulse profile that appear when
the wing of the pulse are inside the medium figures 4.8(a)-4.8(b). This reshaping
is due to the different absorption that the spectral components undergo. Looking
at figure 4.4(b) we can observe that the transmission vary appreciably all along the
spectral domain. We have that some components are more absorbed than other.
The resulting components interfere giving this new shape to the light pulse.
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Chapter 5
EIT in a Tripod System
In chapter 3 we have seen how we can isolate a pure Λ-system from the transition
23S1 → 23P1 of He4. We have also seen that in such a system it is possible to realize
an EIT resonance. We are now interested to scan another characteristic transition
of metastable Helium atoms: 23S1 → 23P0. This new transition permits to realized
a four-level tripod system. As in the case of a Λ-system, it is possible, with a suit-
able configuration for coupling and probe polarization, to trap the atom in a dark
state and then observe an EIT resonance peak. By applying a magnetic field to the
metastable Helium atoms it is possible to remove the degeneracy of the lower level
of the tripod system.
In this chapter we first introduced the two cases already studied in [3]: the first with
a probe beam σ polarized and coupling pi polarized; the second with a probe beam pi
polarized and coupling σ polarized. We then rotate the probe and coupling polariza-
tions of an angle θ. In this new configuration we observe 4 detuned EIT resonance
peak and fifth surprising central peak that we cannot be related to a Λ-system. Fi-
nally we study coupling and probe beams with non-orthogonal polarization. In this
new configuration we observe transmission peak analogous to that obtain for the pre-
viously described configuration but at the same time surprising detuned absorption
dips appear.
41
5 – EIT in a Tripod System
5.1 Tripod System in Metastable Helium
5.1.1 Relaxation Processes in a Tripod System
Figure 5.1. (a) Scheme of the Zeeman sublevels for 23S1 → 23P0 transition in
He∗ with the respective allowed transitions. (b) Relaxation process in a four-level
tripod system. Γ is the optical coherences decay rate, Γt is transit rate, ΓR is the
Raman coherences decay rate. Γ0/3 is the population decay rate due to spontaneous
emission for each of the three transitions. ∆Z represents the Zeeman shift.
In figure 5.1(a) we present the transition 23S1 → 23P0 in He∗. Unlike 23S1 → 23P0
transition, all the 23S1 sub-levels can be coupled to the upper level 2
3P0 by σ
+, σ−
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or pi transition and a four-level tripod system can be isolated. By applying a uniform
magnetic field we can remove the degeneracy of the 23S1 sub-levels (Zeeman effect).
We obtain a Zeeman splitting of the sub-levels defined as ∆Z ≡ µBBmJg/h where:
g is the Lande´ g-factor that for the helium 23S1 state is 2.002, B is the magnetic field
and mJ the spin projection component. For a magnetic field B = 1 mG ∆Z = 2.8
kHz.
We now introduce relaxation process for such a system. We use an analogous de-
scription to the one used in paragraph 3.1.2 for a Λ-system in metastable Helium.
In figure 5.1 (b) we present the scheme of a tripod system with population relax-
ation and coherence relaxation coefficient. We are considering a gas of metastable
Helium atoms at room temperature that interact with two coherent and collimated
laser beam. The atoms in the upper level equally decay to the three lower sub-levels
by spontaneous emission at a rate Γ0
3
, where Γ0 is the population relaxation due to
spontaneous emission. The finite transit time of the atoms through the beams leads
to a transit decay rate Γt. We assume that the incoming atoms in the laser beam are
in a ground state, so lower levels are pumped with a constant rate Γt
3
while the decay
rate due to the outcoming atoms is the same for all the levels and is equal to Γt.
We introduce the Raman coherence relaxation decay rate ΓR. The optical coherence
decay rate is defined in the following way:
Γ =
Γ0
2
+ Γt + Γcoll (5.1)
where Γcoll is the collisional dephasing relaxation already introduced, as like as the
values of the other parameters, in paragraph 3.1.2. In paragraph 3.1.3 we have seen
that the Doppler broadening of the absorption spectral line in a Λ-system have an
additive effect on the optical coherence relaxation. It has been demonstrated for a
gas of He∗ at room temperature [1] that the the optical coherence relaxation can be
approximate in the following way: Γ ≈ WD. This kind of approximation is correct
because for a gas of He∗ at room temperature we have: WD  Γ02 , Γcoll. We thus
adopt this approximation also for the case of a four-level tripod system considering
Γ
2pi
≈ WD
2pi
≈ 109 Hz.
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5.2 Coupling and Probe in Orthogonal Configu-
ration
(a) Polarization selection for σ-probe config-
uration
(b) Polarization selection for pi-probe config-
uration.
Figure 5.2. λ/2 is the half-wave plate at 45◦ and at neutral for the respective
σ-probe and pi-probe configurations. B is the uniform and constant magnetic
field acting on the He∗ atoms.
The experimental apparatus used to induce and then detect the different Raman
resonances in a tripod system is analogous to that described in paragraph 3.2, with
the introduction of a pair of rectangular coils surrounding the cell that generate the
weak magnetic field used to remove the degeneracy of the lower sub-levels. The coils
are connected to a voltage-to-current convertor (VCC). The current that flows inside
the two coil induces a magnetic field horizontal to the plane where the cell is placed
and perpendicular to the direction of propagation of the laser beams. By acting on
the VCC we are able to vary the intensity of the magnetic field. We obtain a uniform
and constant magnetic field between the two coils.
At the entrance of the cell a half-wave plate substitute the quarter-wave plate of
the configuration in figure 3.6. Coupling and probe have thus a linear polarization
when they enter the cell. We remark that probe and coupling fields have reciprocal
orthogonal polarization. Acting on the λ/2 we can rotate at the same time probe
and coupling polarization. In figures 5.2(a)-5.2(b) the two case are presented.
In the first case the neutral axis of λ/2 is placed at angle 45◦ with respect to the
quantization axis z, the two polarizations are rotated of an angle of 90◦ from the
original configuration. We obtain a coupling field pi polarized and a probe field with
a field vector orthogonal to the quantization axis. This vector can be written as
superposition of σ+ and σ− components. This configuration is noted as σ-probe.
In the second case the neutral axis of the half-wave plate is parallel the quantization
axis, in a neutral position. We obtain a probe field pi polarized and a coupling field
with a polarization that is the superposition of σ+ and σ−.We note this configuration
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as pi-probe.
If we place the λ/2 at an angle between 0◦ and 45◦ we obtain a coupling and probe
polarization vectors that are the superposition of pi, σ+ and σ− components. The
first two configuration have been already theoretically and experimentally studied
in [3]. We briefly present here the results that are useful as a starting point for the
analysis of the third configuration that we have now introduced.
5.2.1 σ-probe Configuration
Figure 5.3. Tripod configuration with V-polarized (σ±) probes and H-polarized
(pi) coupling. ∆Z represents the Zeeman shift.
We now propose the theoretical description with a density matrix formalism of the
response of the 4He∗ to the coupling and the probe field in a σ-probe configuration. In
figure 5.3 we present a level scheme with the related transition. In this configuration
the two component of the probe field, σ+ and σ−, couple respectively |g−〉 − |e〉 and
|g+〉 − |e〉. As we have defined in figure the optical detuning for the probe beam is
∆p = ωeg0 − ωp = ωeg∓ ∓ ∆Z − ωp, while |g0〉 − |e〉 are coupled by a coupling field
pi-polarized with an optical detuning ∆c = ωeg0 −ωc. The hamiltonian of interaction
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has the following form:
ĤI = − h¯
2
[Ωp√
2
e−iωpt|e〉〈g−|+ Ωce−iωct|e〉〈g0|+ Ωp√
2
e−iωpt|e〉〈g+|+ h.c.
]
(5.2)
Using the temporal evolution of the density matrix (equations 2.2-2.4) it is possible
to write the optical Bloch equations:
dσee
dt
=−(Γ0 + Γt)σee + i2 [ Ωp√2(σ˜g−e + σ˜g+e) + Ωcσ˜g0e −
Ω∗p√
2
(σ˜eg− + σ˜eg+)− Ω∗c σ˜eg0 ]
dσg−g−
dt
= Γ0
3
σee − Γt
(
σg−g− − 13
)
+ i
2
√
2
(Ω∗pσ˜eg− − Ωpσ˜g−e)
dσg0g0
dt
= Γ0
3
σee − Γt
(
σg0g0 − 13
)
+ i
2
(Ω∗c σ˜eg0 − Ωcσ˜g0e)
dσg+g+
dt
= Γ0
3
σee − Γt
(
σg+g+ − 13
)
+ i
2
√
2
(Ω∗pσ˜eg+ − Ωpσ˜g+e)
dσ˜eg−
dt
=−[Γ + i(∆p + ∆Z)]σ˜eg− + i2[Ωp√2(σg−g− − σee) + Ωcσ˜g0g− + Ωp√2 σ˜g+g− ]
dσ˜eg0
dt
=−(Γ + i∆c)σ˜eg0 + i2[Ωc(σg0g0 − σee) + Ωp√2(σ˜g−g0 + σ˜g+g0)]
dσ˜eg+
dt
=−[Γ + i(∆p −∆Z)]σ˜eg+ + i2[Ωp√2(σg+g+ − σee) + Ωcσ˜g0g+ + Ωp√2 σ˜g−g+ ]
dσ˜g−g0
dt
=−[ΓR − i(δR + ∆Z)]σ˜g−g0 + i2[Ω∗p√2σeg0 − Ωcσ˜g−e]
dσ˜g0g+
dt
=−[ΓR + i(δR −∆Z)]σ˜g0g+ + i2[Ω∗c σ˜eg+ − Ωp√2σg0e]
dσ˜g−g+
dt
=−(ΓR − i2∆Z)σ˜g−g+ + i2√2(Ω∗pσ˜eg+ − Ωpσ˜g−e)
where a change of variables has been introduced in order to remove the time depen-
dence of the different terms and thus introducing the Raman detuning, the optical
detuning for coupling and probe and the Zeeman shift:
σeg− =σ˜eg− exp[−iωpt]
σeg+ =σ˜eg+ exp[−iωpt]
σg−g0 =σ˜g−g0 exp[−i(ωc − ωp)t]
σg−g+=σ˜g−g+
σg0g+ =σ˜g0g+ exp[i(ωc − ωp)t]
σeg0 =σ˜eg0 exp[−iωct]
The atoms in the upper level have an equal probability to decay in one of the three
sub-levels via a spontaneous emission. If we impose the condition of a weak probe
field (Ωp  Ωc), the strong pumping action of the coupling beam alter the distribu-
tion of the atoms in the lower sub-levels. After several absorption and emission cycles
we obtain that the atoms are equally divide into |g−〉 and |g+〉. The populations of
the lower levels are thus the following: σg−g− ≈ σg+g+ ≈ 1/2 and σg0g0 ≈ σee ≈ 0. In
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[3] Kumar et al. impose these condition in order to solve the optical Bloch equations
at stationary regime. They obtain the following result for the susceptibility of the
probe field :
χ(ωP ) =
A1
2
√
2
[
1
(a+ − i)− |ΩC |24(a+−iΓR)
+
1
(a− − i)− |ΩC |24(a−−iΓR)
]
(5.3)
where A1 = N |µ2eg|w∓/h¯0, N is the atomic density, µeg− ≈ µeg+ = µeg is the dipole
matrix element for the probe transitions, w∓ = (ρg∓g∓−ρee) = 1/2 and a∓ = δ¯R∓∆¯Z ,
where all rates and frequencies, scaled by Γ/2pi ≈ 109 Hz, are denoted by a bar over
the corresponding symbols. The imaginary part have the following form:
Im[χ(ωP )] =
A1√
2
[
1− |ΩC |
2
8
(
Λ
a2+ + Λ
2
+
Λ
a2− + Λ2
)]
, (5.4)
where Λ = Γ¯R +
|ΩC |2
4
. The imaginary part of the susceptibility is the subtraction of
two Lorentzians to a constant value. The two Lorentzians are respectively centered
Figure 5.4. Transmitted intensity plotted as a function of δ¯R for Ω¯c = 5 · 10−3,
∆¯Z = 1,12 · 10−4 and Γ¯R = 4 · 10−6. All the parameters have normalized to the
Doppler width WD ≈ 1 GHz.
in δ¯ = ±∆¯Z with a full width at half maximum of 2Λ analogous to the EIT width
obtained for a Λ-system. The two minimum for Im[χ(ωp)], that occurs at δ¯ = ±∆¯Z ,
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corresponds to two peak of transmission. In figure 5.4 we plot the transmitted signal
that is proportional to exp[−ωp
c
LcellIm[χ(ωp)] where Lcell is the length of the cell
containing He∗. We can see two detuned transmission peaks at δ¯R = ±112 · 10−3.
In figure 5.9 we report the experimental transmitted signal in a range of 500 kHz
of the Raman detuning centered at δ = 0. The different experimental curve have
been taken for coupling and probe beam mutually orthogonal, for different value of
the angles of the half-wave plate placed at the entrance of the cell. For λ/2 at 45◦
we have the σ-probe configuration just described. We can see that the dark violet
curve associated to this configuration present two symmetrically detuned EIT peaks
centered at δR ≈ ±112 kHz that corresponds to the Zeeman shift of the two sub-
levels |g−〉 and |g+〉. This kind of system has been interpreted as the superposition of
two independent Λ-system: |g−〉− |e〉− |g0〉 and |g+〉− |e〉− |g0〉 (look at figure 5.3).
These two sub-systems present two different dark states. In the first case |g−〉 takes
the role of the probed state, while in the second case this role is taken by |g+〉. The
two sub-systems can be considered separated and so they exhibit their respective
EIT peak for their particular Raman resonance.
Figure 5.5. Tripod configuration with H-polarized (pi) probe and V-polarized (σ±)
coupling beams. ∆Z represents the Zeeman shift.
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5.2.2 pi-probe Configuration
It is possible to calculate in a similar way the medium response in a pi-probe config-
uration. In figure 5.5 we show the level scheme with the coupling coefficients for a
pi-probe configuration. In this case the two components of the coupling field, σ+ and
σ−, couple |g−〉− |e〉 and |g+〉− |e〉 with an optical detuning of ∆c = ωeg∓−ωc∓∆Z ,
while |g0〉 − |e〉 are coupled by a probe field pi-polarized with an optical detuning
∆p = ωeg0 − ωp. The hamiltonian of interaction has now the following form:
ĤI = − h¯
2
[ Ωc√
2
e−iωct|e〉〈g−|+ Ωpe−iωpt|e〉〈g0|+ Ωc√
2
e−iωct|e〉〈g+|+ h.c.
]
. (5.5)
The optical Bloch equations are the following:
dσee
dt
=−(Γ0 + Γt)σee + i2 [ Ωc√2(σ˜g−e + σ˜g+e) + Ωpσ˜g0e −
Ω∗c√
2
(σ˜eg− + σ˜eg+)− Ω∗pσ˜eg0 ]
dσg−g−
dt
= Γ0
3
σee − Γt
(
σg−g− − 13
)
+ i
2
√
2
(Ω∗c σ˜eg− − Ωcσ˜g−e)
dσg0g0
dt
= Γ0
3
σee − Γt
(
σg0g0 − 13
)
+ i
2
(Ω∗pσ˜eg0 − Ωpσ˜g0e)
dσg+g+
dt
= Γ0
3
σee − Γt
(
σg+g+ − 13
)
+ i
2
√
2
(Ω∗c σ˜eg+ − Ωcσ˜g+e)
dσ˜eg−
dt
=−[Γ + i(∆c + ∆Z)]σ˜eg− + i2[ Ωc√2(σg−g− − σee) + Ωpσ˜g0g− + Ωc√2 σ˜g+g− ]
dσ˜eg0
dt
=−(Γ + i∆p)σ˜eg0 + i2[Ωp(σg0g0 − σee) + Ωc√2(σ˜g−g0 + σ˜g+g0)]
dσ˜eg+
dt
=−[Γ + i(∆c −∆Z)]σ˜eg+ + i2[ Ωc√2(σg+g+ − σee) + Ωpσ˜g0g+ + Ωc√2 σ˜g−g+ ]
dσ˜g−g0
dt
=−[ΓR + i(δR −∆Z)]σ˜g−g0 + i2[Ω∗c√2σeg0 − Ωpσ˜g−e]
dσ˜g0g+
dt
=−[ΓR − i(δR + ∆Z)]σ˜g0g+ + i2[Ω∗pσ˜eg+ − Ωc√2σg0e]
dσ˜g−g+
dt
=−(ΓR − i2∆Z)σ˜g−g+ + i2√2(Ω∗c σ˜eg+ − Ωcσ˜g−e)
where a change of variables has been introduced:
σeg− =σ˜eg− exp[−iωct]
σeg+ =σ˜eg+ exp[−iωct]
σg−g0 =σ˜g−g0 exp[−i(ωp − ωc)t]
σg−g+=σ˜g−g+
σg0g+ =σ˜g0g+ exp[i(ωp − ωc)t]
σeg0 =σ˜eg0 exp[−iωpt]
By imposing the condition of a weak probe field Ωp  Ωc it is possible to trap
the atoms in the sub-level |g0〉 after several absorption and emission cycle. In this
49
5 – EIT in a Tripod System
case ground level populations are approximately: σg0g0 ≈ 1 and σg−g− ≈ σg+g+ ≈
σee ≈ 0. Using this approximation for the populations it is possible to calculate the
susceptibility related to the probe beam by solving the three optical Bloch equations
for the coherence σ˜eg0 , σ˜g−g0 and σ˜g0g+ [3]. The susceptibility has now the following
form:
χ(ωP ) =
A2(a− − iΓ¯R)(a+ − iΓ¯R)
2b(a− − iΓ¯R)(a+ − iΓ¯R)− q |ΩC |22
, (5.6)
where q = (δ¯R− iΓ¯R), A2 = N |µeg0|2w0/h¯0, µeg0 is the dipole matrix element for the
probe transitions, w0 = (σg0g0 −σee) = 1, b = δ¯R + ∆¯c− i. In this case the imaginary
part has is:
Im[χ(ωP )] = A2
2a2−a
2
+ + Γ¯R y(2Γ¯R + x) + Γ¯
3
Rx
4a2−a2+ + 4Γ¯R xy + x2Γ¯2R + δ¯R
|ΩC |2
4
, (5.7)
where x = 2Γ¯R +
|ΩC |2
2
and y = δ¯2R + ∆¯
2
Z . In figure 5.6 we plot the transmitted
intensity for a pi-probe configuration using equation(5.7).
Figure 5.6. Transmitted intensity plotted as a function of δ¯R for Ω¯c = 5 · 10−3,
∆¯Z = 1,12 · 10−4 and Γ¯R = 4 · 10−6. All the parameters have normalized to the
Doppler width WD ≈ 1 GHz.
In figure 5.9 we plot the experimental transmitted signal in the case of a pi-probe
in the absence of a magnetic field acting on the atoms (black curve) and with a
magnetic field of 40mG (red curve). In the absence of a magnetic field we detect
a single Raman resonance centered at δR = 0. This EIT peak can be explained by
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a change of basis. We start by consider only the sub-system composed by the two
sublevels |g−〉, |g+〉 and the excited level |e〉 interacting with the coupling beams with
σ± polarization. We can rewrite this basis vector with the usual notation of dark
(|NC〉 = (|g−〉 − |g+〉)/
√
2) and bright (|C〉 = (|g−〉+ |g+〉)/
√
2) states. It is easy to
see that |NC〉 → |e〉 transition is not allowed (we can see it by applying equation
5.5 to the dark state |NC〉). Only |C〉 and |e〉 interact with the coupling beam. If
we now consider all the system (|g0〉,|C〉, |e〉 (with probe and coupling beams) we
have a three-level Λ-system that exhibits an EIT peak at the line center.
When we switch on the magnetic field, two symmetrically detuned transmission peaks
appear for the same Raman detuning measured in the σ-probe case (δR ≈ ±112 kHz).
Looking at figure 5.3 we can immediately observe that we can isolate two Λ-systems:
|g−〉 − |e〉 − |g0〉 and |g+〉 − |e〉 − |g0〉 with a common dark state represented by |g0〉.
We can thus interpret the two resonances as two detuned EIT peaks. In [3] it has
been demonstrated that the theoretical result obtained in equation (5.7) is in good
agreement with the experimental transmitted signal.
5.2.3 Rotated Configuration
Figure 5.7. Rotated probe and coupling polarization. θ/2 is the angle between the
quantization axis and the neutral axis of λ/2. Ωc and Ωp are the Rabi frequency of
coupling and probe beams. B is the magnetic field along the z direction.
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We now examine the case of coupling and probe beam with orthogonal polariza-
tions but rotated of an angle θ with respect the axis. In figure 5.7 we present the
modeling of the polarization vector of coupling and probe when the λ/2 neutral axis
is rotated of an angle θ/2 with respect to the quantization axis. Coupling and probe
beam arrive at λ/2 respectively x and z-polarized. Before passing through half-wave
plate the polarization vector are rotated. The two beam have now a polarization
that is the superposition of x and z. If we change the basis we obtain that the
polarization vectors of probe and coupling field are now a superposition of σ+, σ−
and pi components. The module of the different components depends on the angle
θ. The hamiltonian of interaction is :
ĤI = − h¯
2
[−Ωp sin θ e−iωpt + Ωc cos θ e−iωct√
2
(|e〉〈g−|+ |e〉〈g+|)+
+(Ωp cos θ e
−iωpt + Ωc sin θ e−iωct)|e〉〈g0|+ h.c.
]
. (5.8)
In figure 5.8 we report a scheme of the tripod system with the coupling coefficient
Figure 5.8. Tripod configuration for probe and coupling beams with mixed polar-
izations and the respective coupling coefficient.
for the three different transition. This polarization configuration make more difficult
to find out the dark states of the system because the pumped levels are at the same
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time the probed levels. At this time the dark states for this system have not been
found, so we cannot solve the optical Bloch equations in the same way that for a
σ-probe and pi-probe configurations. However a simple analysis of the experimental
results and the levels diagram can lead to important considerations.
In figure 5.9 we plot the transmitted signal for different θ/2. We can see that for
Figure 5.9. Experimental transmitted intensity for probe and coupling field with
respectively orthogonal polarization. In the inset the different angle at which λ/2
at the entrance of the cell has been placed. B=40 mG is the magnetic field acting
on the He∗ atoms that produces a Zeeman shift ∆Z = 112 kHz
θ/2 = 15◦ and θ/2 = 25◦ five transmission peaks are visible. The four side peaks
occur at couple of symmetrical detuning: ±∆Z and ±2∆Z . If we analyze the levels
diagram of figure 5.8 we can see that this tripod system can be considered as the
superposition of several Λ-systems. First of all we can isolate the two couple of Λ-
systems that we have already encountered for σ-probe and for pi-probe configuration.
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The two peaks we observe at δR = ±∆Z can thus be explained as the EIT resonance
of these Λ-systems. Also the other two peaks that occur at δR = ±2∆Z can be
interpreted as EIT resonances. If we only consider the sub-system |g−〉 − |e〉 − |g+〉,
we can extract two superposed Λ-system whose ground sub-levels are detuned by an
amount of 2∆Z . In the first case the probed sub-levels is |g−〉 while in the second
case this role is taken by |g+〉. These two peaks are depressed with respect to the
other at δR = ±∆Z and they disappear when the value of θ/2 approaches 0◦ or
45◦. When θ/2 approaches 0◦ the σ-components of the probe become to small so
it is hard to detect them, while when θ/2 approaches 45◦ the σ-components of the
coupling are depressed and thus pumping is less efficient. The fifth central peak is a
surprising phenomenon for this kind of configuration because it cannot be related to
any Λ-system because it occurs at a zero Raman detuning; this fact would require
an additional degenerate sub-level to one of the three lower sub-levels and the two
sub-level now involved must “see” the same optical detuning for coupling and probe.
5.2.4 Future Developments
Figure 5.10. θc/2 (θp/2) is the angle between the z-axis (x-axis) and the neu-
tral axis of λc/2 (λp/2). We obtain a rotation of coupling (probe) polarization
of an angle θc (θp). In this case we have θc = 40◦ and θp = 20◦. Ωc and Ωp
are the Rabi frequency of coupling and probe beams. B is the magnetic field
along the z direction.
An analogous central peak has been observed in a Λ-system isolated from the
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already studied transition 23S1 →23P1 of metastable Helium. This central peak has
been observed when a longitudinal constant magnetic field remove the degeneracy of
the sub-levels of 23P1 [16]. For this kind of system two important results have been
obtained that could exclude the EIT nature of this transmission peak for a detuned
Λ-system: i) it has been shown (experimentally and theoretically) that the width of
the central peak is not affected by inhomogeneities of the magnetic field. An EIT
peak is instead expected to be sensitive to this kind of inhomogeneities because the
Zeeman splitting of the level is determined by the magnetic field amplitude. A non
homogeneous magnetic field have thus a dephasing effect on the atoms and thus also
a damping effect on the Raman coherences. We have seen in paragraph 2.3.3 that
the EIT width linear depend on relaxation of Raman coherence ΓR. Inhomogeneities
of the magnetic field can enlarge the EIT width; ii) a good agreement between the
experimental data and a theoretical modeling with the rate equations. There is a
good agreement between experimental data and numerical simulation based on a rate
equations model. We know that rate equations involve only population relaxation
processes, while we have seen that EIT is a phenomenon determined by coherences
relaxation processes.
The results presented in [16] have been realized after my internship at the laboratory,
Figure 5.11. θc/2 (θp/2) is the angle between the z-axis (x-axis) and the neu-
tral axis of λc/2 (λp/2). We obtain a rotation of coupling (probe) polarization
of an angle θc (θp). In this case we have θc = 60◦ and θp = 140◦. Ωc and Ωp
are the Rabi frequency of coupling and probe beams. B is the magnetic field
along the z direction.
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starting from the experimental set-up which we have used for the tripod system.
These results do not provide a suitable explanation of the central peak observed in
a tripod configuration but they are a starting point for future developments.
5.3 Non-orthogonal Configuration
Figure 5.12. Experimental transmitted signal for θp = 20◦ and θc = 40◦. We report
the transmitted signal for different coupling power. B=40 mG is the magnetic field
acting on the He∗ atoms that produces a Zeeman shift ∆Z = 112 kHz
In the previous paragraphs we have considered the cases of a probe and coupling
beam with orthogonal polarizations. We now remove this condition. In order to be
able to manipulate independently the polarization of the two beams we introduce
two half-wave plate λc/2 and λp/2 in the two separate paths of coupling and probe.
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We replace the polarizing beam splitter (PBS-2) with a simple beam splitter in order
to be able to superposed the two beams.
We note θp/2 the angle between the neutral axis for probe beam, the z-axis, and the
optical axis of λp/2, while θc/2 is the angle between the neutral axis for coupling
beam, the x-axis and the optical axis of λc/2. We thus have that probe and coupling
beam polarizations are rotated respectively of angle θp and θc. In figures 5.10-5.11 we
present the schematization of the polarization of probe and coupling beams for two
case that we have experimentally examined. In the first case we have θp = 20
◦ and
θc = 40
◦; in the second θp = 140◦ and θc = 60◦. As in the case of orthogonal rotated
polarization examined in the previous paragraph the polarization vectors of the two
beams are the superposition of σ+, σ− and pi with the respective coupling coefficient
as presented in figure 5.8. In this case we have to use θp for probe components and
θc for those of coupling.
In figure 5.12 we present the experimental transmission for θp = 20
◦ and θc = 40◦:
we plot the transmitted signal, varying the Raman detuning from -250 kHz to 250
kHz, for different coupling power. We can see three peaks of transmission one at zero
Raman detuning and two detuned peaks for δR = ±∆Z . As in paragraph 5.2.3, they
can be considered the EIT resonance of two superposed Λ-systems with detuned
lower levels. We instead observe two surprising absorption dip of transmission at
δR = ±2∆Z , in contrast with the two EIT peak that we have previously observed
for probe and coupling in the orthogonal configuration.
In figure 5.13 we report the experimental transmission for θp = 140
◦ and θc = 60◦.
In this case we observe the four transmission peaks at δR = ±∆Z and δR = ±2∆Z
already observed in paragraph 5.2.3, but a dip of absorption at zero Raman detuning
replace the central peak of transmission.
The appearance of these absorption dip have been theoretical analyzed. Numerical
simulation of the transmitted pulse intensity, realized at laboratory Aime´ Cotton,
have evidenced the presence of these absorption. They have been realized using a
Floquet expansion of the density matrix equations for the tripod system in order to
calculate the imaginary part of susceptibility and thus the transmitted intensity. The
transmitted signal has been calculated for different configuration of θp and θc and the
presence of absorption dip has been observed. However an exhaustive explanation
of the phenomenon has not been found.
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Figure 5.13. Experimental transmitted signal for θp = 140◦ and θc = 60◦. We
report the transmitted signal for different coupling power. B=40 mG is the magnetic
field acting on the He∗ atoms that produces a Zeeman shift ∆Z = 112 kHz
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